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Measurements  of  millimeter  wave  propagation  in  urban  areas  at  9.6,  28.8  arid 
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-  siding.  Multipath  measurements  were  recorded  as  a  function  of  distance  for 
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SUMMARY 


Reflection  properties  of  a  variety  of  building  surfaces  were  measured  at  fre¬ 
quencies  of  9.6,  28.8  and  57.6  GHz.  Buildings  with  metal  facing  provided  a  nearly 
perfect  reflecting  surface  at  normal  incidence;  however,  considerable  spatial 
dependence  and  less  than  expected  aspect  sensitivity  were  observed  in  the  reflected 
signals.  All  metal  surfaces  measured  had  the  typical  vertical  rib  pattern  at  either 
12  or  24  inch  (30.5  and  61.0  cm)  separation  which  produces  a  surface  perturbation 
that  accounts  for  some  of  the  signal  phase  interference  pattern  observed  with  small 
changes  in  terminal  position.  Brick,  concrete,  and  concrete  aggregate  types  of 
building  surfaces  were  found  to  have  a  lower  reflection  coefficient  at  normal 
incidence,  but  they  displayed  similar  spatial  properties  and  somewhat  greater 
angular  scattering  components  compared  to  metal  surfaces.  At  the  two  highest 
frequencies,  surface  roughness  clearly  distorted  the  phase  front  of  the  reflected 
wave.  Also  phase  front  changes  were  induced  when  the  transmitter  or  receiver  ter¬ 
minal  was  moved  parallel  to  an  apparently  flat  wall.  Large  scale  irregularities 
(several  rf  wavelengths)  over  the  illuminated  surface  produced  large  signal  inter¬ 
ference  patterns  at  the  receiving  antenna.  A  reference  reflector,  a  90  cm  square- 
metal  plate,  was  measured  as  an  instrumentation  verification  exercise  and  produced 
the  predicted  sharp  angular  response  (high  aspect  sensitivity)  and  unity  reflection 
coefficients. 

A  1 i ne-of-sight  path  of  about  1  km  was  selected  in  downtown  Denver  to  measure 
signal  characteristics  as  a  function  of  range.  For  these  measurements  the  trans¬ 
mitter  terminal  was  moved  at  a  uniform  rate  toward  the  receiver  terminal.  Antennas 
used  for  the  transmitter  had  beamwidths  of  10  degrees  to  eliminate  problems  in 
antenna  tracking.  The  stationary  receiver  antenna  beamwidths  were  4  degrees  at 
9.6  GHz  and  1.2  degrees  at  28.8  GHz  and  57.6  GHz.  Fades  on  this  LOS  path  were  as 
deep  as  30  dB,  the  result  of  reflection  from  the  asphalt  street  and  buildings. 
Similar  measurements  were  recorded  with  the  receiving  antennas  beamed  to  illuminate 
building  surfaces  on  one  side  of  the  street.  Numerous  signal  fades  of  about  30  dB 
occurred,  indicating  the  likelihood  of  two  discrete  ray  paths  of  nearly  equal 
ampl i tudes . 

On  the  same  street,  the  transmitter  terminal  was  located  485  meters  from  the 
receiver  and  its  antenna  was  stepped  in  azimuth  by  10  degree  increments  to  cover 
all  portions  of  one  side  of  the  street.  At  each  antenna  step,  the  receiving 
antenna  was  scanned  in  azimuth  to  record  the  direction  and  amplitude  of  signals 
reflected  from  the  buildings.  Single  reflected  and  multi-reflected  modes,  up  to 


4  hops,  were  recorded  and  traced  onto  a  scaled  drawing  in  order  to  locate  the 
reflection  points,  type  of  reflecting  surfaces,  and  time  delay  compared  to  the 
direct  signal.  The  amplitude  of  these  reflections  was  also  compared  according  to 
antenna  polarizations.  For  these  cases,  the  angles  of  incidence  to  the  reflecting 
surfaces  were  quite  shallow,  1  to  10  degrees.  Only  for  the  case  of  the  28.8  GHz 
pattern  was  there  a  clear  antenna  polarization  dependence.  Surface  roughness  at 
shallow  angles  can  be  quite  large  relative  to  an  rf  wavelength  without  producing 
a  distorted  wave  front.  There  were  many  protrusions  along  the  street  such  as 
trees,  light  poles,  and  traffic  signs  as  well  as  large  uneven  structures.  Fven  so, 
reflected  signals  reached  levels  of  8  dB  below  the  direct  signal.  Lstimates  of 
bit  error  rates  resulting  from  the  multipath  signal  amplitude  and  delay  times 
observed  on  the  485  meter  street  path  were  included  for  selected  digital  data  rates. 

To  separate  the  fade  components  of  building  reflections  from  fade  components 
produced  by  reflections  from  the  street,  measurements  were  recorded  in  a  rural  area 
where  only  an  asphalt  road  and  a  gravel  road  could  produce  a  reflection.  The 
results  of  these  measurements  showed  that  the  street  or  roadway  provided  the 
dominant  surface  for  reflections  and  was  responsible  for  all  deep  fades.  Antenna 
heights  of  1  to  3.5  meters  were  compared  over  the  roadway  for  path  lengths  up  to 
2  km.  The  lower  heights  did  not  create  large  fades,  even  though  the  road  was  in 
the  main  beam.  A  low  reflection  angle  and  greater  than  first  Fresnel  reflection 
area  appeared  to  cause  a  lower  fade  level. 

Diffraction  characteristics  from  vertical  edges  of  buildings  were  recorded. 

A  polarization  dependence  amounting  to  as  much  as  a  10  dB  higher  signal  in  the 
shadow  region  was  observed  with  the  electric  field  vector  perpendicular  to  the  edge 
compared  to  the  level  with  the  electric  field  vector  parallel  to  the  edge.  The 
signal  level  in  the  shadow  region  decreased  with  increased  frequency  but  was  inde¬ 
pendent  of  terminal  distance  from  the  edge  for  the  paths  measured.  A  calculation 
of  the  predicted  values  resulted  in  good  agreement  with  antenna  polarization 
differences.  The  predicted  levels  were  higher  than  the  measured  data  in  the  shadow 
region.  It  is  believed  that  agreement  in  predicted  levels  of  the  shadow  region  is 
not  as  much  a  function  of  knife  edge  versus  rounded  edge,  but  more  a  function  of 
the  electrical  properties  of  the  material. 
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I.  INTRODUCTION 

Measurements  of  millimeter  wave  propagation  in  urban  areas  and  a  determination 
of  signal  levels  reflected  from  several  building  surfaces  have  been  made  for  the 
Army  Communi cations-El ectron i cs  Command.  The  objective  of  the  project  has  been  to 
study  millimeter  wave  propagation  characteristics  in  a  city  environment  with 
principal  emphasis  on  the  evaluation  of  communication  link  reliability,  detect¬ 
ability,  arid  usable  bandwidth  as  a  function  of  position  of  terminals, 
i  Reflected  signal  level  measurements  were  performed  on  building  surfaces  of 

concrete  aggregate,  painted  smooth  concrete  with  protruding  ribs,  brick,  and  metal 
siding.  Data  were  recorded  to  determine  aspect  sensitive  of  the  reflected  signal 
in  a  backscatter  mode.  Special  tests  were  conducted,  using  a  3-foot  square,  flat 
re*' lector .  The  reflector  was  rotated  in  a  plane  perpendi  c  ul  ar  to  the  transmitter- 
reflector  path  to  establish  a  reference  for  aspect  sensitivity  under  controlled 
conditions.  Two  oblique  angle  reflection  measurements,  from  brick  and  concrete 
surfaces,  were  performed  including  aspect  sensitivity  recordings.  Multipath  meas- 
|  urements  were  recorded  as  a  function  of  distance  for  several  runs  over  paths  of 

I  about  1  kilometer  in  the  center  of  the  Denver  metro  area.  Additional  runs  were 

recorded  over  paths  in  open  (nonurban)  areas  for  comparison  to  the  multipath  runs 
made  in  the  Denver  metro  area. 

Non-1 i ne-of-sight  observations  were  made  in  the  Denver  area  which  showed  a 
surprisingly  large  number  of  substantial  signals  arriving  from  a  wide  range  of 
angles.  Many  signals  showed  multiple  reflections,  most  pronounced  at  9.6  GHz  and 
decreasing  with  increasing  frequency.  A  pair  of  60  GHz  handheld  communicators  were 
also  used  in  this  exercise.  Voice  quality  was  always  good  when  lock-up  was 
achieved,  but  a  slow  search  rate  requiring  a  long  lock-up  time  caused  difficulty 
in  establishing  a  contact  in  the  urban  environment.  Several  1 i ne-of-si ght  contacts 
were  made  and  a  single  reflection,  non-1 i ne-of-sight  link  was  established  over  a 
400  meter  path,  all  with  good  voice  reception. 

An  initial  calibration  and  gain  stability  check  was  performed  on  a  far-field 
path  with  good  ground  clearance  to  provide  a  free  space  reference  for  all  further 
measurements.  Because  the  transmitter  and  receiver  are  co-located  for  folded  path 
measurements  and  are  in  near  field  for  many  oblique  measurements,  leakage  signal 
levels  were  recorded.  The  leakage  levels  were  obtained  by  directing  both  transmit¬ 
ting  and  receiving  antennas  into  an  essentially  nonreflecting  atmosphere  at  the 
edge  of  an  abrupt  600  foot  drop  in  terrain.  Worst  case  values  of  -30  dB,  -50  dB, 
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and  -52  dB,  in  the  order  of  ascending  frequency  and  relative  to  a  106  meter  patn 
were  recorded  with  the  transmitting  antenna  located  directly  below  the  receiving 
antennas  (  1  meter  separation)  and  for  transmitter  positions  on  a  line  perpendi¬ 

cular  to  receiver  antenna  pointing.  These  values  of  leakage  level  provide  a 
measure  of  the  resolution  limit  for  reflected  signal  determination. 

This  report  contains  the  results  and  analysis  from  single-path  and  multipath 
reflection  conditions  recorded  for  the  study.  Included  are  an  evaluation  of  null 
path  effects  for  both  urban  and  nonurban  1 i ne-of-si ght  paths,  measurements  of 
signals  received  on  non- 1 i ne-of-si ght  paths,  and  diffraction  effects. 
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II.  EQUIPMENT  AND  CALIBRATION 

The  instrumentation  for  these  measurements  was  developed  from  a  system  used 
earlier  for  a  study  of  millimeter  wave  propagation  through  vegetation^ ^ .  For  the 
urban  studies,  the  principal  modi f ications  were  made  on  the  primary  power  sources 
and  for  terminal  portability.  The  receiver  terminal  has  been  charmed  to  be  totally 
contained  within  a  van  including  power  yener  „^r  and  storage  of  hardware  and  acces¬ 
sories.  The  rf  hardware  and  antennas  are  mounted  on  an  elevator  adjustable  for 
heights  above  ground  from  1  to  3  meters.  The  receiving  antennas  and  the  rf  hard¬ 
ware  are  mounted  on  a  remote-controlled  positioner  permitting  both  azimuthal  and 
elevation  scans  at  all  elevator  heights.  All  the  antennas  are  linearly  polarized 
and  can  be  readily  changed  from  vertical,  to  horizontal,  to  cross  polarization. 

The  transmitter  terminal  is  attached  to  a  manual  positioner,  powered  by 
chargeable  batteries  and  mounted  on  a  four-wheel  dolly. 

The  link  operates  at  three  coherent  frequencies:  9.6,  28.8,  and  57.6  GHz. 
Beamwidths  of  the  transmitting  antennas  are  10  degrees  at  all  frequencies. 

Receiver  beamwidths  are  4.8  degrees  at  the  9.6  GHz  frequency  and  1.2  degrees  at 
28.8  and  57.6  GHz.  A  60  dB  dynamic  range  limited  by  the  last  IF  amplifier  stage 
and  a  sensitivity  of  at  least  -110  dBm  is  available  with  all  three  receivers. 

A . _ Instrumentation  Description 

A  functional  diagram  of  the  transmitting  terminal  is  shown  in  Figure  2.1.  All 
three  rf  frequencies  are  derived  from  a  100  MHz  temperature  compensated  crystal 
oscillator.  A  phased-locked,  cavity-tuned  (X96)  multiplier  is  used  to  generate 
30  mW  at  9.6  GHz.  An  identical  (X96)  multiplier  drives  a  varactor  tripler  which 
injection  locks  an  85  mW  Gunn  source  at  28.8  GHz  through  a  high  isolation  ferrite 
circulator.  The  Gunn  power  is  fed  to  a  directional  coupler  providing  20  mW  to  a 
25  dB  gain  horn  antenna,  and  the  remaining  power  drives  a  varactor  doubler.  A 
directional  coupler  is  used  to  inject  a  locking  signal  from  the  doubler  into  the 
57.6  GHz  IMPATT  source.  With  a  bias  current  of  260  ma,  the  IMPATT  provides  120  mW 
to  a  25  dB  gain  horn  antenna.  The  entire  transmitter  is  mounted  in  a  temperature 
controlled  enclosure  which  is  held  at  45°C  +  1°C  to  reduce  power  variation,  in  the 
worst  case,  to  less  than  +  0.5  dB  at  57.6  GHz. 

A  functional  diagram  of  the  receiving  terminal  is  given  in  Tigure  2.2.  All  of 
the  receiving  rf  components  and  the  low  noise  IF  preamplifiers  are  contained  in  a 
45°  +  1°C  temperature  controlled  enclosure.  Three  parabolic  reflectors  (18,  24, 
and  12-inch,  in  the  order  of  ascending  frequency)  are  mounted  on  the  enclosure  with 
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Fig.  2.1  A  functional  diagram  of  the  transmitting  terminal. 


low-noise  down  converters  coupled  directly  to  the  antenna  feeds.  This  total 
assembly  is  mounted  on  the  remote  controlled  positioner.  The  receiver  noise  figure 
is  determined  by  the  input  down  converter,  which  is  a  double-balanced  mixer  at  9.6 
GHz  with  a  7.5  dB  double  sideband  noise  figure.  The  28.8  and  57.6  GHz  input 
mixers  are  of  the  stripl ine-waveguide-junction  balanced  type  with  double  sideband 
noise  figures  of  5.5  and  6.0  dB,  respectively.  All  local  oscillator  (L0)  signals 
are  generated  from  a  voltage  controlled  crystal  oscillator  which  is  phase  1  r>'.  >  e  '  ’ 
the  9.6  GHz  received  signal  with  an  80  kHz  reference  offset  frequency.  The  mult1- 
pliers  for  the  voltage  controlled  100  MHz  reference  (+  IF/mul  tipi  v’ng  factor!  t.o 
derive  the  L0  injection  signals  are  identical  to  the  scheme  used  for  the  transm1 * •; 
sources,  except,  at  57.6  GHz,  the  doubler  alone  provides  sufficient  L0  level,  lone 
term  (weeks)  gain  stability  for  each  receiver  is  less  than  +  0.1  dB. 

ft  block  diagram  of  the  data  acquisition  system  is  shown  in  riqure  2.3.  T*v 
three  IF  frequencies  of  80,  240,  and  480  kHz  are  brought  to  the  receiving  van  via 
coaxial  cables,  filtered,  and  amplified  before  entering  an  ac  to  dc  log  converter, 
the  received  IF  signals  are  converted  to  a  dc  level  that  is  logarithmically  rel.itt  ; 
to  the  rf  signal  amplitude.  These  dc  levels  drive  a  multi-channel  strip  chart 
recorder  for  monitoring,  and  they  also  appear  at  the  input  of  a  digital  scanner 
that  is  capable  of  switching  between  each  receiver  level  at  rates  of  up  to  100 
times  per  second  determined  by  the  data-logging  desk  computer.  The  desk  computer 
is  also  interfaced  with  a  5-1/2  digit  voltmeter  and  is  programmed  to  perform  data 
collecting,  data  processing,  tape  storage,  and  data  plotting  functions. 

B .  Cali  bra  t i o  n_a  nd  Path  Character i_z  at i  o n 

The  initial  instrumentation  calibration  was  performed  on  a  far-field  path  of 

2 

106  meters.  A  definition  of  a  minimum  far-field  distance  is  d  .  =  2D  where 

nn  n 

L'  is  the  receiving  antenna  aperture,  and  *  is  the  rf  wavelength.  The  calibration 

nut1'  was  •’hosen  to  be  free  of  any  significant  '-(‘fleeting  components  from  either 

ground  or  above  ground  obstacles  so  that  the  on-path  signal  amplitude  is  not 
altered.  For  path  lengths  of  less  than  2  km  and  consistent  with  the  system  meas¬ 
urement  accuracies,  only  the  molecular  oxygen  absorption  losses  at  57.6  GHz  need 
to  be  included.  In  the  Denver,  CO,  area  where  the  elevation  is  1600  meters  above 
sea  level,  the  attenuation  at  57.6  GHz  is  10.5  dB/km  for  an  ambient  temperature  of 
20nC  and  50  relative  humidity;  that  value  is  used  for  all  path  calculations.  By 

comparison,  losses  at  9.6  GHz  are  0.006  dB/km  and  at  28.8  GHz  are  0.017  dB/km  for 

the  same  temperature  and  relative  humidity.  The  signal  amplitude  values  presented 
in  the  later  sections  are  relative  to  free  space  with  molecular  oxygen  absorption 

loss  corrections  applied  to  the  57.6  GHz  data  only. 
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A  block  diagram  of  the  data  acquisition  system. 


C .  _  Measurement  Types 

The  transmitter- receiver  pairs  operating  at  9.6,  28.8,  and  57.6  GHz,  formed 
the  test  links  for  the  measurements  recorded  in  this  study.  Various  link  config¬ 
urations  were  used  to  optimize  each  of  the  several  propagation  factors  investi¬ 
gated.  The  diagrams  in  Figure  2.4  show  four  operating  configurations,  and  the 
accompanying  signal  amplitude  patterns  illustrate  the  results  obtained.  A 
description  of  each  configuration  and  a  comment  on  the  data  obtained  follows: 

1.  Azimuthal  and  Elevation  Scans 

In  this  configuration,  the  transmitter  and  receiver  are  set  at  a  fixed  separa¬ 
tion  distance  and  the  receiver  is  scanned  either  in  azimuth  or  elevation.  The 
fur-field  calibration  runs  were  performed  in  this  mode. 

2.  Horizontal  Scan 

The  receiver  is  set  on  a  line  perpendicular  to  the  reflection  surface  and  the 
transmitter  is  moved  on  a  line  parallel  to  the  reflecting  surface.  This  mode  of 
operation  was  used  to  determine  aspect  sensitivity  of  the  reflected  signal  in  a 
folded  path  mode. 

3.  Range  Scan 

The  receiver  is  stationary  and  the  transmitter  is  moved  along  a  line  toward 
the  receiver.  The  recorded  signal  represents  a  measure  of  signal  amplitude  as  a 
function  of  distance  and  multipath  effects. 

4.  Diffraction 

The  receiver  is  set  at  a  point  with  the  antenna  pointing  at  a  building  corner 
(knife-edge).  The  transmitter  is  moved  along  a  constant  radius  arc  from  line-of- 
sight  to  several  degrees  beyond  the  1 i ne-of-si ght .  T he  diffraction  effects  are 
measured  as  the  transmitter  is  moved  from  the  exposed  to  shadow  area  of  the  build¬ 
ing  corner. 
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Fig.  2.4  Test  link  operating  configurations. 


III.  MEASUREMENTS  AT  9.6,  28.8,  AND  57.6  GHz 


Special  sites  were  chosen  for  each  of  the  several  types  of  measurements  made 
at  9.6,  28.8,  and  57.6  GHz.  The  details  of  the  experimental  measurements  for  each 
type  are  discussed  under  the  sub-headings  reflection,  multi-path  ( 1 i ne-of-si ght) , 
multipath  ( non- 1 i ne-of-s i ght ) ,  and  edge  diffraction. 

A.  Reflection  From  Building  Surfaces 

Measurements  of  reflected  and/or  scattered  signals  were  made  for  the  purpose 
of  obtaining  reflection  characteristics  for  a  variety  of  surfaces  at  selected  angles 
of  incidence  for  terminal  to  reflector  path  lengths  of  41  meters  to  135  meters. 
Exterior  building  surfaces  used  as  reflectors  were  of  metal,  brick,  concrete,  and 
concrete  aggregate.  The  photograph  in  Figure  3.1  is  of  the  receiver  terminal  van 
and  transmitter  terminal  as  used  for  these  measurements.  In  Figure  3.1  the  receiv¬ 
ing  antennas  (dish  antennas)  are  positioned  near  the  roof-top  level  of  the  van  and 
the  transmitting  antennas  (small  horn  antennas)  are  located  on  a  positioner  near 
the  top  of  the  four-wheel  dolly.  Both  sets  of  antennas  are  pointing  at  a  building 
and  are  positioned  on  a  line  perpendicul ar  to  the  building.  Measurements  are  made 
by  recording  the  amplitude  of  the  received  signal  during  an  azimuthal  scan  (+  15  ) 
and  an  elevation  scan  (+  10")  of  the  receiving  antennas. 

The  results  for  zero  angle  of  incidence  measurements  are  presented  in  Table  3.1. 
Test  numbers,  building  surface,  signal  amplitude,  path  length,  and  location  are 
given  in  the  table.  Reradiated  or  reflected  signal  levels  were  significantly  higher 
for  metal  than  for  brick  and  concrete  walls.  Values  were  averaged  as  shown  in  the 
table  to  indicate  an  order  of  magnitude  for  the  reflectivity  of  the  respective 
surfaces.  Note  an  apparent  reduction  in  signal  level  with  increasing  frequency. 

Most  of  the  variability  in  the  results  i ,  believed  due  to  variations  in  surface 
roughness  and  because  of  the  wide  beamwidth,  some  ground  multipath  may  appear  in 
the  9.6  GHz  data.  The  data  shown  in  Table  3.2  are  the  results  of  three  tests  with 
oblique  angle  of  incidence.  Both  surfaces  used  in  these  tests  were  irregular. 

The  concrete  building  had  vertical  protruding  ribs  5  inches  (12.7  cm)  wide  and 
12  inches  (30.5  cm)  deep  at  48  inch  intervals  along  the  wall,  and  the  brick  build¬ 
ing  had  windows  and  other  irregularities  in  the  area  included  within  the  common 
antenna  beams. 

A  test  to  determine  if  a  surface  is  considered  smooth  is  the  Rayleigh 

•  m 

criterion  J 

H  :  8 

where  ‘  is  the  angle  of  incidence,  \  is  the  rf  wavelength,  and  H  is  the  height  of 
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TABLE  3.1 

RECORDED  AMPLITUDES  FROM  SEVERAL  SURFACES 
ZERO  ANGLE  OF  INCIDENCE 

SIGNAL  AMPLITUDE 
(dB  relative  to  free  space) 


Test 

Surface 

9.6  GHz 

28.8  GHz 

57.6  GHz 

[one-way! 

Path  Length 

2-0-1 8 

Metal 

0 

-1 

-1 

50  Meters 

(Paint  Shop) 

3-1-28 

t| 

+2 

-5 

-7 

41 

(North  American 

3-1-0 

II 

-2 

-3 

-1 

50  " 

(Paint  Shop) 

3-0-1 A 

II 

+1 

-8 

-7 

80  " 

(Gen.  Cable) 

3-0-22 

II 

-6 

+  1 

-9 

109  " 

(Gen.  Cable) 

-1 

-3 

-5 

(Average ) 

3-0-44 

Brick 
(Sol  id) 

-2 

-7 

-7 

95  Meters 

Josl i ns 

3-1-0 

II 

-6 

-14 

-8 

47  " 

ii 

2-0-22 

Concrete 

(ribbed) 

-6 

-11 

-19 

64  " 

Neodata 

OJ 

1 

1 

C\J 

II 

-5 

-7 

-18 

65  " 

H 

2-0-42 

Brick 

(Windows, 

doorway) 

-9 

-14 

-18 

93  11 

RB3 

2-1-22 

II 

-12 

-15 

-15 

135 

H 

2-0-10 

Concrete 

Aggregate 

-6 

-12 

-17 

75  " 

Cryogenics 

3-0-10 

ll 

-12 

-10 

-20 

75  " 

ii 

-8.5 

-11.25 

-15.25 

(Average ) 

TABLE  3.2 

RECORDED  AMPLITUDES  FOR 
OBLIQUE  ANGLE  OF  INCIDENCE 


SIGNAL  AMPLITUDE  (dB  relative  to  free  space) 
Test _ Surface _ 9.6  28.8  57.6  Path  length  Angle 


2-1-50 

Concrete 

(ribbed) 

-8 

-7 

-13 

114  m 

G 

O 

*3" 

Neodata 

2-1-54 

ll 

-13 

-13 

-8 

116m 

44° 

ii 

2-0-48 

Brick 
(Window, 
doors,  etc. 

-8 

) 

-24 

-17 

96  m 

£  45° 

RB3 

the  surface  irregularities.  This  requires  that  the  phase  shift  of  the  wave  re¬ 
flected  from  the  top  and  the  bottom  of  the  irregularity  not  exceed  A/4.  For  a 
normal  reflection  the  value  of  H  cannot  be  greater  than  4,  1.3,  and  0.65  mm  for 
9.6,  28.8,  and  57.6  GHz,  respectively,  in  order  to  fit  the  smooth  surface  criterion. 
Only  the  metal  and  concrete  (ribbed)  surfaces  come  close  to  meeting  the  Rayleigh 
criterion  at  the  highest  frequency  and  this  applies  only  for  patches  that  seldom 
exceed  one  square  meter.  Beyond  an  area  of  one  square  meter  none  of  the  surfaces 
can  be  considered  smooth  for  any  of  the  test  frequencies  used. 

rhe  effect  of  surface  roughness  is  really  not  apparent  from  the  individual 
reflection  measurements,  but  a  trend  as  a  function  of  frequency  does  appear  from 
the  averages  shown  in  Table  3.1.  These  values  are  adjusted  to  path  length  (free 
space  equation)  according  to  a  106  meter  calibration  path  free  of  multipath  signals. 
This  procedure  permits  the  effective  reflection  coefficient  to  be  calculated  from 
the  ratio  of  the  received  power  that  would  have  occurred  if  the  reflector  were 
perfect  taken  from  the  calibration  path,  versus  the  power  measured  from  the  reflect¬ 
ing  surface  in  question.  Precautions  observed  were  that  the  surface  area  exceeded 
the  narrower  receiver  beamwidths  and  that  the  total  path  length  exceeded  the 
boundary  for  far  field.  For  this  comparison  method,  dependence  on  reflector  size 
and  on  antenna  aperture  cancel  out  of  the  calculation.  Consequently  if,  for  example, 
a  3  dB  power  loss  was  measured  in  Table  3.1,  the  effective  coefficient  of  reflection 
of  the  surface  is  -0.5. 

Table  3.1  shows  a  large  variation  in  effective  reflection  coefficients  for 
identical  surfaces  when  a  different  path  length  or  spatial  position  was  used  in  the 
measurement.  The  reason  for  these  large  variations  can  best  be  seen  in  Figures  3.2 
through  3.4.  Signal  amplitude  versus  transmitter  position  data  were  recorded  as 
indicated  in  configuration  b.  (horizontal  scan)  in  Tigure  2.4.  Figure  3.2  shows 
variations  in  signal  amplitude  as  a  function  of  transmitter  position  offset  (rela¬ 
tive  to  the  receiver)  using  as  reflecting  surface  the  solid  brick  wall  indicated 
under  Test  No.  3-0-44  and  3-1-0  of  Table  3.1.  As  seen,  the  effective  reflection 
coefficient  is  a  highly  variable  function  of  position  presumably  due  to  large  scale 
roughness  or  unevenness  of  the  surface.  Figure  3.3  shows  the  variations  for  a  rib¬ 
bed  metal  wall  with  2.5  x  2.5  cm  vertical  ridges  separated  by  50  cm  (2  feet).  This 
surface  is  the  same  as  listed  for  Test  No.  3-0-14  and  3-0-22  of  Table  3.1. 

Two  scans  were  made  for  Figure  3.4  as  shown  by  a  heavy  and  a  light  trace. 

The  reflecting  surface  was  a  pre-cast  concrete  wall  with  protruding  ribs  (Test  No. 
2-0-22  and  2-1-42  in  Table  3.1).  These  vertical  ribs  are  13  cm  wide  and  protrude 

30  cm  from  the  wall  at  100  cm  intervals.  Each  of  the  two  scans  appear  to  show  a 
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(horizontal  scan)  using  a  metal  wall  as  reflecting  surface  at 
distance  of  109  meters. 


ude  as  a  function  of  transmitter  position  offset 
can)  using  a  ribbed  concrete  wall  as  reflecting 
distance  of  64  meters. 


periodicity  and  a  mirror-image  character,  perhaps  a  result  of  the  regularity  of 
the  protrusions.  The  reflected  signals  begin  to  rolloff  for  the  upper  two  fre¬ 
quencies  at  about  the  +3  meter  position  because  of  the  receiving  antenna  beamwidth 
limitation. 

B.  Reflection  From  a  Reference  Surface 

The  data  recorded  in  Figures  3.2  through  3.4  were  surprising  both  in  the 
presence  of  20  dB  amplitude  variations  within  the  antenna  beam  and  because  of  the 
lack  of  aspect  sensitivity  of  the  reflecting  surfaces.  To  determine  how  these 
results  compare  to  a  smooth  reflector,  a  3  foot  (92  cm)  square  aluminum  flat  plate 
was  stationed  58  meters  from  the  co-located  transmitter  and  receiver.  The  small 
size  of  this  reflector  permitted  precision  orientation  relative  to  these  terminals. 

The  signal  amplitude  plots  shown  in  Tigure  3.5  are  a  calibration  scan  over  a 
"free  space"  106  meter  path  and  a  calibration  scan  using  the  3  foot  square  reference 
reflector  over  a  116  meter  folded  path  with  the  reflector  positioned  perpendicular 
to  the  path.  A  slight  ground  multipath  fade  might  be  present  in  the  9.6  GHz 
reflector  plot  because  the  less  than  1  meter  reflector  height  gave  insufficient 
clearance  for  the  4.8  degree  antenna  beamwidth.  At  the  higher  two  frequencies  no 
appreciable  ground  multipath  could  occur  due  to  a  1.2  degree  beamwidth  for  each 
and  in  fact  no  measureable  loss  resulted  on  the  reflected  signal  path  indicating 
a  reflection  coefficient  of  -1.  Also  the  antenna  patterns  repeated  very  closely 
on  the  reflected  and  folded  path  signal  plots  except  for  a  slight  pointing  offset. 

Using  the  same  horizontal  scan  configuration  (b  of  Figure  2.4)  as  in  Figures 
3.2  through  3.4,  reference  reflector  plots  are  shown  in  Figure  3.6.  Three  separate 
horizontal  scans  with  the  transmitter  were  taken.  The  heavy  trace  is  the  signal 
plot  versus  transmitter  position  offset  with  the  flat  reflector  oriented  at  zero 
degrees  in  azimuth  angle.  The  medium  and  light  traces  that  peak  to  the  right  of 
center  were  recorded  with  the  reflector  oriented  at  1°  and  2°  counterclockwise, 
respectively.  Signals  reflected  from  a  smooth  flat  plate  as  seen  in  Figure  3.6 
produce  a  very  well  behaved  pattern  with  a  high  degree  of  aspect  sensitivity  as 
would  be  expected.  The  zero  degree  orientation  test  was  performed  in  an  identical 
manner  as  in  Figures  3.2  through  3.4  and  when  compared  to  those  results,  suggests 
that  at  zero  incident  angles,  building  surfaces  have  irregularities  that  produce 
considerable  signal  variation  with  slight  spatial  position  change  at  wavelengths 
between  0.5  and  3  cm.  Even  a  large,  apparently  flat  brick  wall  (Figure  3.2)  showed 
these  variations. 
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Signal  amplitude  as  a  function  of  azimuthal  pointing  of  the 
receiving  antenna.  As  indicated  the  traces  are  from  the  IOC 
meter  tree  space  calibration  and  a  3  foot  x  3  foot,  metal 
reflector  on  the  116  meter  (round  trip)  path. 


C.  Signal  Amplitude  (1 ine-of-sight) 

A  series  of  tests  were  conducted  to  measure  the  relative  amplitude  nf  the 
received  signal  as  a  function  of  transmitter-receiver  separation.  These  tests 
were  conducted  in  an  urban  area  (downtown  Denver)  and  in  a  rural  area  (over  bote 
asphalt  and  graveled  roads).  In  Denver,  along  17th  Street,  the  tests  included 
three  runs  over  a  0.9  km  path.  Street  intersections  occur  uniformly  at  anproxi- 
mately  100  meter  intervals.  The  building  off-sets  and  structural  surfaces  vary  a 
typically  found  in  metropolitan  areas.  Three  additional  sets  of  data  show  signal 
amplitudes  as  a  function  of  transmitter-receiver  separation  with  receiver  antenna 
pointing  a  variable.  Off-set  angles  of  0°,  2',  and  4'  were  used  in  these  tests. 

A  receiver  antenna  pointing  angle  of  O'  means  the  antenna  is  pointed  along  the 
transmitter-receiver  line  and  the  2°  and  4°  pointing  means  the  receiver  antenna  v.\ 
pointing  respectively  2 3  and  4°  from  the  transmitter-receiver  line.  A  third  set 
of  data  was  recorded  with  the  transmitters  and  receivers  separated  at  485  meters. 
Azimuthal  scans  of  the  receiving  antenna  (+  15°)  were  mad'.1  with  the  transmitting 
antennas  pointing  at  O',  10°,  20°,  and  30°  for  successive  scans.  Again  the  0 
pointing  is  along  the  transmi tter-to-recei ver  line  and  the  10',  20',  and  30  set¬ 
tings  are  with  the  transmitter  antenna  pointing  off-line  by  10',  20',  and  30'. 

The  tests  conducted  in  the  rural  areas,  were  along  a  1.6  km  path  over  the 
asphalt  surface  and  over  1.6  km  and  2.0  km  paths  over  a  graveled  surface.  These 
tests  were  conducted  to  obtain  data  for  comparison  to  the  urban  results.  Strong 
multipath  fading  is  present  in  these  runs. 

1.  Urban  Area  (zero  angle  pointing) 

The  tests  along  17th  Street  in  Denver  were  all  conducted  after  2200  hours  to 
avoid  heavy  traffic.  However,  even  in  the  early  morning  hours  between  mid-night 
and  4  o'clock,  some  traffic  was  present  such  as,  street  cleaners,  garbage  trucks, 
newspaper  delivery  vans,  etc.,  and,  it  is  nearly  impossible  to  conduct  a  run  with¬ 
out  at  least  some  minor  interference  from  traffic.  Signal  variations  due  to  traf¬ 
fic  have  a  characteristically  short  duration  on  all  channels  or  if  the  vehicle  is 
moving  along  the  direct  path,  a  drop  in  level  of  10  to  15  dB  occurs. 

The  drawing  in  Figure  3.7  shows  street  intersections  along  17th  Street  for 
that  portion  used  in  the  urban  tests.  Also  on  the  drawing  i  a  height  profile  of 
the  street.  The  broken  line  above  the  profile  indicates  the  line  between  the 
transmitter  and  receiver  which  were  2.15  and  1.8  meters  above  ground,  respectively 
Li ne-of-si ght  was  maintained  for  the  entire  run. 
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The  picture  of  17th  Street  shown  in  Figure  3.8  was  taken  at  the  Broadway 
intersection  looking  west.  The  receiver  site  for  the  urban  tests  was  on  the  right- 
hand  side  of  the  street  between  Broadway  and  Tremont  (the  first  intersecting 
street  to  the  west) . 

The  signal  amplitude  tracings  for  frequencies  of  3.6,  28.8,  and  57. o  GHz  in 
Figures  3.9,  3.10,  and  3.11  resulted  from  three  runs  along  17th  Street  starting  at 
Larimer  and  ending  at  tne  receiver  location  near  Tremont.  The  received  signal 
amplitude  0  dB  reference  was  obtained  from  a  calibration  measurement  taken  with  the 
transmitter  located  between  Wei  ton  and  Glenarm,  170  meters  from  the  receiver,  "he 
tracings  exhibit  a  normal  rolloff  (-20  log  R)  as  a  function  of  the  transmitter- 
receiver  separation  (R).  The  57.6  GHz  amplitude  tracings  show  an  additional  rolloff 
due  to  the  molecular  oxygen  absorption  (approximately  10  dB  per  km  at  Denver  eleva¬ 
tion)  .  Observed  on  all  traces  are  the  many  shorter-term  variations  which  are  mic  * 
likely  multipath  fades,  some  approaching  20  dB.  These  variations  occur  all  along 
the  path  in  a  near  random  manner.  Vehicles  crossing  intersections  along  the  path 
or  traveling  along  17th  Street  in  the  same  direction  as  the  transmitter  caused 
simultaneous  fades  in  all  channels  as  indicated  by  arrows  in  Figure  3.9.  Further 
comments  are  made  on  these  data,  when  compared  to  an  open  area  over  asphalt  and 
graveled  roads. 

2.  Urban  Area  (Receiver  off-angle  pointing) 

A  set  of  three  runs  were  made  along  the  0.9  km  path  from  Larimer  to  Tremont 
to  assess  the  impact  on  the  received  signal  amplitude  of  off-angle  receiver 
antenna  pointing.  The  test  configuration  for  these  runs  is  shown  in  Figure  3.12a. 
The  street  layout  in  Figure  3.12a  shows  the  transmitter  location  at  the  start  of 
the  run  and  the  stationary  receiver  location.  For  the  first  run,  the  receiving 
antennas  are  at  0°  pointing  (along  the  transmitter-receiver  line).  For  tne  second 
and  third  runs,  the  receiving  antennas  are  pointed  off-angle  2"  and  4°,  respec¬ 
tively.  The  resulting  signal  amplitudes  from  these  three  runs  are  shown  in 
Figures  3.13,  3.14,  and  3.15,  respecti vely ,  in  the  order  of  increasing  frequency 
(9.6,  28.8,  and  57.6  GHz). 

The  traces  in  these  three  figures  are  offset  to  more  clearly  display  the 
characteristics  of  each  run.  All  traces  are  plotted  to  the  same  amplitude  scale 
and  a  10  dB  signal  level  is  indicated  in  each  figure.  The  top  trace  in  each 
figure,  zero  angle  pointing  (RX  =  O'),  collectively  are  a  replot  of  the  data  in 
Figure  3.11.  The  other  two  traces  in  each  figure  were  made  with  the  receiving 
antenna  pointing  off-angle  as  indicated  (2'  and  4r). 
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This  series  of  measurements  shows  an  increase  in  the  frequency  of  amplitude 
variations  in  the  RX  =  -2°  and  RX  -  -4'  compared  to  the  direct  pointing  (RX  -  0  ) 
traces.  These  amplitude  variations  are  a  result  of  more  numerous  reflections  from 
the  building  along  the  street  at  off-angle  pointing.  A  succession  of  deep  multi- 
path  rades  (as  a  function  of  distance)  occurred  at  9.6  GHz  between  Curtis  and 
Stout.  Streets  for  the  RX  =  -4  pointing.  Over  such  paths,  more  numerous  reflec- 
ions  reduce  the  probability  of  deep  destructive  interference  type  fades.  This 
data  pertains  primarily  to  systems  using  wide  beam  or  omnidirectional  antenna 
i  .•>„»  i  jurat  ions  where  exact  terminal  locations  are  not  known  or  multiple  terminal 
•overage  is  required.  Even  when  deep  fades  do  not  occur  for  these  conditions, 
channel  distortion  may  be  present  particularly  for  wide  bandwidth  channels  where 
*  '•‘■quern. y  selective  fading  can  occur  within  the  bandpass  due  to  long  multipath 

1  a .  , .  The  spacing  in  frequency  (f)  of  the  fade  nulls  is  f  =  .  ^  where 

z2  1 

C,  -  t. .  is  the  difference  in  path  delay  time  between  the  direct  signal  and  the 
mu  1 1 i path  s ignal  . 

3.  Urban  Area  (transmitter  off-angle  pointing) 

Another  test  set  conducted  at  the  17th  Street  location  in  Denver,  consisted 
of  a  series  of  receiver  antenna  azimuthal  scans  with  the  transmitter  antenna  point¬ 
ing  at  O’  (on-line)  and  10',  20',  and  30'  (off-line).  The  transmitter-receiver 
configuration  for  these  tests  is  shown  in  Figure  3.12b.  Data  from  the  off-angle 
pointing  measurements  are  displayed  in  Figures  3.16  through  3.21  for  both  vertical 
and  horizontal  antenna  polarization  at  each  operating  frequency.  Figure  3.22  is 
included  to  provide  a  comparison  of  the  "free  space"  antenna  pattern  and  the  17th 
Street  azimuth  scans  with  the  transmitter  pointing  directly  at  the  receiver  (TX  =  O') 
for  all  three  frequencies  and  both  linear  polarizations.  In  Figure  3.22  it  is 
n.'p  that  very  little  information  on  off-angle  refloated  signals  can  tie  obtained 

with  the  9.6  GHz  scans,  because  the  widebeam  ('  5")  receiving  antenna  cannot 
separate  the  multipath  signals  from  the  direct  1 i ne-of-sight  (LOS)  path  signal  at 
zero  receiver  pointing.  However,  scans  for  the  higher  two  frequencies  with  1.2 
degree  beamwidth  receiving  antennas  show  multipath  signals  nicely  separated.  For 
the  two  hiqher  frequencies,  it  can  be  seen  from  Figure  3.22  that  off-angle  multipath 
components  are  distinguishable  from  the  transmitted  signal  arriving  on  side  lobes  of 
the  receiving  antenna  until  the  multipath  signal  is  about  30  dB  below  the  direct  LOS 
1  This  applies  for  angles  greater  than  +  2  degrees  from  zero  pointing  on  the 

main  receiving  beam.  At  most  other  angles  the  side  lobes  are  approximately  40  dB 
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zation  at  9.6  GHz 


at  28.8  GHz. 


down  which  permits  the  detection  of  multipath  signals  within  the  useful  range  of 
interest.  If,  for  example,  the  multipatn  reflection  were  6  dB  greater  than  the 
signal  received  on  the  direct  path  from  the  side  of  the  receiving  antenna,  the 
maximum  variation  of  the  peak  signal  due  to  constructive  and  destructive  interfer¬ 
ence  would  be  +  3.5  and  -6  dB.  this  variation  would  show  as  an  irregular  fringing 
of  tiie  peak  signal  envelope  as  the  receiving  antenna  is  scanned  (Figures  3. IB 
through  3.21).  Similar  fringing  will  also  occur  around  the  peak  multipath  signal 
envelope  if  several  multipath  reflections  are  in  the  scanned  beam  simultaneously. 

3.1  Mechanics  of  surface  reflections 

If  it  is  assumed  that  the  off-angle  peak  signals  are  from  flat  surfaces  of 

4-  A  [ns 

buildings,  the  effective  two-way  reflector  gain  is  expressed  hv  20  log  ■  1 

t 

w> .  r.  A  is  the  area  of  the  surface,  is  the  reflection  coefficient,  <  is  the 

anqit  between  the  incident  and  reflected  ray,  and  ■  is  the  rf  wavelength.  Trie 

geometry  of  17th  Street  and  the  sharpness  of  the  off-angle  signal  peaks  in  the 

higher  frequency  scans  (28.8  and  57.6  GHz)  both  suggest  a  flat  surface  reflection 

2 

is  a  reasonable  assumption.  As  explained  earlier  in  the  text,  the  A/  \  terms  art- 
removed  from  the  gain  expression  when  comparing  signal  levels  at  the  three  fre¬ 
quencies  because  all  recorded  signal  levels  are  made  relative  to  a  106  meter  cali¬ 
bration  path.  The  reflection  coefficient  (r)  has  a  frequency  dependency  involving 
the  roughness  of  the  reflecting  surface  relative  to  ■.  Some  discussions  are  found 
indicating  that  c  decreases  as  the  frequency  increases  at  millimeter  wavelengths 
due  to  conductivity  and  permittivity  properties  but  quantitative  values  were  not 
found  in  a  nonexhausti ve  literature  search.  For  shallow  angle  of  incidence  the 
surface  roughness  can  be  greater  without  appreciable  effect  on  p.  Using  an  angle 
of  6  degrees,  for  example,  a  surface  is  consideted  to  be  smooth  hy  the  Rayleigh 
criterion  (H  -  V3  cos  :),  ii  tl  value-'  of  4.5.  1.3,  and  0.8  cm  are  not  exceeded 
tor  frequencies  of  9.6,  28.8,  and  hi.  o  bile  respectively. 

Another  factor  is  the  effect  on  .  as  ,  tends  toward  180  degrees  (shallow  inci¬ 
dence  angle)  as  is  the  case  for  a  long  path  down  a  city  street.  Figure  3.23  shows 
a  plot  of  and  grazing  angle  of  an  incident  wave  on  sea  water  and  medium  dry 

[31 

ground,  after  Ha  1 1 L  J.  Curves  for  1  and  3  GHz  are  shown  but  little  information 
has  been  found  for  higher  frequencies,  from  the  curves,  one  might  expect  the 
Brewster  angle,  the  angle  where  t  is  a  minimum,  to  occur  between  5  and  15  degrees 
on  the  17th  Street  path.  The  reader  is  reminded  that  the  curves  of  rigure  3.23  are 
over  horizontal  reflecting  surfaces  where  the  Brewster  angle  applies  to  the  verti¬ 
cal  polarized  wave;  but  for  a  city  street  where  vertical  surfaces  are  the  reflector. 
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Magnitude  (p)  of  the  reflection  coefficient  of  a  plane  surface  as 
functions  of  grazing  angle  i  for  vertical  and  horizontal  polariza¬ 
tion  at  1  and  3  GHz. 


the  Brewster  angle  applies  to  horizontally  polarized  wave.  The  value  of  .  is 
dependent  on  the  permittivity  and  conductivity  of  the  reflecting  surface  and  these 
parameters  change  quite  rapidly  at  frequencies  above  10  GHz  for  most  materials^. 
The  primary  effect  is  a  marked  increase  in  conductivity  resulting  in  an  increase  in 
.  .  The  trend  is  for  reflection  characteristics  from  a  plane  surface  to  follow 
closer  to  that  of  sea  water  as  the  frequency  reaches  into  the  millimeter  wave  band. 

If  the  reflection  surface  is  large,  i.e.,  exceeds  in  dimension  the  axis  of  the 
first  Tresnel  ellipse,  a  possible  additional  frequency  dependent  factor  is  that  the 
phase  shift  along  the  wave  front  at  the  receiver  can  combine  to  produce  a  signal 
reduction.  At  30  GHz  (f  ~  1  cm)  a  reflection  at  the  midpoint  of  485  meter  path 
from  a  surface  at  streetside  results  in  a  first  Fresnel  horizontal  axis  diameter  of 
near  40  meters  and  near  1.7  meters  for  a  vertical  axis  diameter,  lor  60  GHz 
(■  -  0.5  cm)  the  horizontal  and  vertical  axes  are  about  30  and  1.3  meters,  respe. 
tiveiy.  A  visual  inspection  of  the  path  at  street  level  found  no  surfaces  with 
dimensions  of  this  extent,  thus  meeting  the  Rayleigh  criterion,  but  very  large 
surfaces  with  higher  roughness  factors  are  present.  Predicting  the  manner  in  whi,  . 
surfaces  of  this  complexity  in  roughness  will  add  in  reflected  signal  amplitude  is 
very  difficult.  Also  apparent  by  visual  observations  is  the  fact  that  fronts  of 
buildings  and  frequently  adjacent  buildings  have  offset  differences  of  up  to 
2  meters.  This  geometry  can  produce  added  reflecting  surfaces  satisfying  Snell's 
law  resulting  in  multiple  signals  within  the  receiving  antenna  beamwidth.  A  phase 
interference  between  signals  can  result  and  is  believed  to  cause  the  ragged  shape 
in  the  amplitude  response  near  the  amplitude  peaks  in  several  of  the  scans. 

The  1.2°  receiving  beam  projects  an  el  1 i pi  cal  pattern  on  the  vertical  building 
surface  at  midpath  with  axis  of  about  120  by  5.2  meters  at  the  1/2  power  points 
which  provides  an  indication  of  the  size  of  the  illuminated  area. 

12  Reflection  paths 

With  this  introduction  to  some  of  the  processes  that  determine  the  character¬ 
istics  of  reflected  signals  along  a  city  street,  the  path  was  examined  in  detail 
to  attempt  to  determine  the  source  of  the  signals  in  Figures  3.18  through  3.21. 

When  the  ray  paths  of  the  dominant  reflections  are  traced  on  a  scaled  drawing  of 
the  485  meter  path,  the  reflecting  surfaces  are  readily  located  with  good  agreement 
in  path  geometry.  This  path  shown  in  Figure  3.24  was  selected  for  convenience  of 
terminal  location  and  it  was  clearly  impossible  to  predict  potential  reflection 
point',  in  advance  by  siting  down  the  path.  Photographs  of  the  street  in  fiqure 
1.25  s how  the  variety  of  obstructions  lining  the  streets  and  along  building  fronts. 
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3.2b  Photographs  of  street  fronts  alum)  !  ;fh  Street  in  Denver 


To  minimize  or  eliminate  traffic  in  the  path,  measurements  were  made  during  trie 
11  PM  to  5  AM  hours  and  the  timing  of  data  recording  was  adjusted  to  reduce  the 
number  of  vehicles  in  the  path.  By  using  the  angle  data  from  the  •■eceiver  antenna 
scans  and  Snell's  law  the  location  of  the  reflection  points  was  calculated,  botn 
the  distance  down  the  path  and  the  reflecting  structure  along  the-  street  were 
determined,  in  each  case,  using  angles  where  amplitude  peaks  occurred,  a  flat- 
parallel  surface  was  verified.  Six  reflection  points  were  located  and  in  each  case 
tne  extent  of  the  surface  was  less  than  1-1/2  meters  in  either  the  nocizontal  or 
the  vertical  dimension  without  a  major  break  (defined  by  H  =  g  -!  in  flatness 
or  off-set  distance.  An  elevation  difference  between  terminals  made  it  riiffit.il i 
to  visual  1 >  determine  the  height  of  the  reflection  points  with  precision.  •>*  the 
six  points  two  of  the  surfaces  were  window  glass,  two  were  wood,  one  was  brick .  a-;.! 
one  was  concrete  aggregate.  Several  other  reflection  surfaces  were  a  mixture  of 
brKk,  glass,  wood  and  concrete  aggregate  with  irregular  patterns. 

An  error  of  about  45  meters  appeared  at  the  scan  angle  of  -2.5  (Figures  3.1c- 
3.21)  while  tracing  the  drawing  (Figure  3.24)  for  the  1-hop  ray.  A  physical 
inspection  of  17th  Street  showed  a  3  meter  high  by  40  meter  long  wooden-panel 
pedestrian  walkway  about  1-1/2  meters  on  the  street  side  of  the  curb  which  placed 
the  ray  intersection  in  perfect  agreement.  This  walkway  provides  for  the  1-hop 
reflection  (south  side)  and  one  surface  of  the  2-hop  reflection.  The  photograph  in 
Figure  3.25a  shows  this  structure  which  is  not  covered  between  1  and  2  meters  of 
its  3  meter  height  except  for  vertical  2"  x  4"  studding. 

The  2-hop  mode  was  reflected  from  the  surfaces  shown  in  Figure  3.25b.  Note 
that  this  building  has  a  glass  surface  offset  almost  6  meters  from  the  curb  and  a 
concrete  aggregate  surface  offset  about  5  meters  from  the  curb.  The  terminal 
heights  and  elevation  profile  resulted  in  a  reflection  point  that  was  divided  at 
t^is  offset  boundary.  This  appears  to  explain  the  soli*  amplitude  peaks  that  occur 
at  around  +4  and  +6  degrees  which  matches  the  geometry  for  the  surfaces  of  this 
offset  distance.  This  same  building  also  supplies  the  last  reflection  for  the  4-hop 
mode  and  similar  double  peaks  are  also  seen  on  most  scans  between  10  and  14  degrees. 

It  should  be  noted  that  the  positioning  of  the  antennas  is  accomplished  by 
manual  control  of  the  servo  drive.  Therefore,  some  speed  changes  may  take  place 
during  a  scan,  especially  if  there  is  nonuniform  wind  loading,  so  that  a  +  1  degree 
of  difference,  relative  to  the  zero  pointing,  is  possible  between  scans.  In  the 
data  collection  an  accurate  mark  is  recorded  through  the  computer  data  logger  each 
5  degrees  of  scan  which  can  be  used  in  the  analysis  when  required. 
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A  3-hop  mode  should  have  provided  a  dominant  peak  on  the  scans  at  minus 
6  degrees,  but  this  mode  was  not  pronounced.  In  tracing  the  ray,  the  explanation 
seemed  to  be  that  the  last  hop  occurred  at  the  Glenarm  Street  intersection  partially 
shielding  and/or  reflecting  the  rav  away  from  thp  receiver.  A  1  -  hop  mode  from  t.  hr 
north  side  of  the  street  arrives  at  the  receiver  between  *1.5  to  +3  degrees  and  can 
he-.,t  be  identified  in  Figures  3.20  arid  3.21  (TX  ~  0).  This  north  %de  1-nop  mode, 
because  of  the  shallow  angle  on  the  near  side  of  the  street,  encounters  numerous 
obstructions  in  light  poles,  signs,  trees,  etc.,  as  seen  in  the  photograph  in 
!  '  gum  ' .  ?5c  . 

As  the  transmitter  is  beamed  toward  the  south  side  of  the  street  at  steeper 
angles  (TX  =  10  ,  20%  and  30%,  an  increasing  number  of  multiple  hops  from  build¬ 
ings  and  reflection  from  other  objects  at  strpetside  contribute  to  the  received 
•  ■: -1  producing  an  irregular  amplitude  scar,  r>  suiting  from  signal  phase  inter¬ 
ference.  As  many  reflection  modes  or  hops  as  practical  are  identified  and 
labelled  on  Figures  3.18  through  3.21. 

A  comparison  of  Figures  3.18  and  3.19  involving  the  dominant  reflections  or. 
the  28.8  GHz  scans  clearly  shows  that  vertical  antenna  polarization  produces  the 
largest  reflected  signal  amplitudes.  This  could  be  assumed  to  be  a  pseudo- 
Brewster  angle  effect;  however,  for  the  57.6  GHz  scans  of  Figures  3.20  and  3.21, 
no  trend  in  a  favored  polarization  can  be  established.  In  fact,  the  2-hop  modes 
are  much  stronger  on  the  57.6  GHz  horizontal  polarization.  The  2-hop  modes 
occurred  at  between  4  and  6  degrees,  the  angle  near  where  one  might  expect  the 
minimum  c  for  horizontal  polarization  at  this  frequency.  It  is  difficult  to  specu¬ 
late  the  reason  for  this  apparent  frequency  dependent  polarization  result,  but  then 
;s  considerable  confidence  that  the  effect  is  not  instrumental.  Polarization 
effects ,  particularly  at  frequencies  above  30  OH',  are  obviously  unclear  mid 
mcnycic  and/or  measurement*  may  he  ms  i Pi o  a  late*  date. 

In  comparing  the  relative  amplitude  of  thp  dominant  reflection  modes  there  is 
little  difference  between  the  28.8  GHz  and  the  57.6  GHz  scans.  But  when  looking  at 
the  general  amplitude  levels  for  off-angle  transmitter  pointing,  which  presumably 
result  from  higher  order  hops  and  smaller  reflectors  or  scatterers,  the  57.6  GHz 
scans  seems  to  show  stronger  levels. 

3.3  Conclusions  from  off-angle  measurements 

From  the  off-angle  measurements  some  conclusions  can  be  made  about  propagation 
characteristics  of  this  path.  These  measurements  provided  a  means  to  separate  some 
of  the  strongest  multipath  signals  present  at  a  selected  17th  Street  location  over 
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a  485  meter  path.  For  terminal  heights  of  2  meters,  maximum  multipath  signals  of 
about  7  dB  (F^/R^  =  7  dB)  below  the  direct  free-space  signal  were  recorded  at  28.8 
and  57.6  GHz  for  a  midpath  1-hop  reflection  from  buildings.  Using  the  average 
spacing  between  building  fronts  along  the  street  as  24  meters,  a  maximum  multipath 
delay  for  these  single  reflections  is  8  nanoseconds.  Based  on  information  included 
in  Appendix  A,  a  system  with  a  data  rate  of  up  to  10  Mb/s  can  be  used  without 
appreciable  intersymbol  interference.  A  multipath  delay  of  0.1  of  the  bit  duration 
is  chosen  as  a  "no  intersymbol  interference  point"  because  the  average  BER  due  to 
intersymbol  interference  at  a  delay  of  0.1  of  the  bit  duration  is  approximately  the 
same  as  the  average  BER  due  to  S/N  as  a  result  of  multipath  for  zero  relative  delay- 
figure  A.l).  Assuming  the  antenna  beamwidth  at  the  half  power  points  is  greater 
than  6  degrees  for  each  terminal  and  that  accurate  pointing  is  maintained,  a  fade 
depth  of  5  dB  and  enhancement  of  3  dB  would  be  expected  from  building  reflections 
with  small  changes  in  terminal  position.  However,  much  deeper  fades  could  result 
from  street  surface  reflections.  The  street  reflections  would  have  a  delay  of  much 
less  than  0.1  nanosecond  relative  to  the  direct  signal  so  intersymbol  interference 
would  not  occur  until  a  bit  rate  in  excess  of  1000  Mb/s  were  used.  It  should  be 
noted  that  in  order  to  prevent  street  reflection  fades  from  disrupting  the  link  a 
20  to  30  dB  fade  margin  would  be  required  above  a  level  providing  the  minimum 
acceptable  BER. 

If  a  1-hop  multipath  (R^/R^  =  7  dB)  mode  from  building  surfaces  is  present 
(8  ns  delay)  for  the  485  meter  path  at  a  10  Mb/s  data  rate  (bit  duration  -  100  ns), 

r  o 

an  average  bit-error-rate  (BER)  of  10~°  and  a  peak  BER  of  almost  10  J  would  be 
predicted  for  a  system  having  an  energy  per  bit  versus  noise  power  ratio  (E^/N  )  of 
14  dB  (Figure  A.l).  Without  any  multipath  fade  or  distortion  the  link  would  perform 
at  a  BER  of  about  5  x  10  7.  If  a  bandwidth  to  accommodate  100  Mb/s  were  used,  but 
the  antenna  gain  and/or  power  gain  increased  a  total  of  10  dB  to  maintain  an  E^/ 
of  14  dB,  the  above  system  on  the  485  meter  path  would  provide  a  predicted  average 
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BER  of  5  x  10  .  The  bit  duration  for  the  100  Mb/s  rate  is  10  ns  resulting  in  a 

multipath  delay  of  0.8  of  the  bit  duration  where  severe  intersymbol  interference 

_3 

and  phase  shifts  occur  producing  a  peak  BER  of  about  5  x  10  . 

If  the  antenna  beamwidth  exceeded  11  degrees,  a  2-hop  mode  on  this  path  would 
produce  a  maximum  delay  of  about  31  ns  which  would  permit  data  rates  up  to  3  Mb/s 
without  damaging  intersymbol  interference. 

Obviously,  the  degree  of  degradation  of  a  digital  link  due  to  multipath  signals 
depends  on  the  strength  of  the  multipath  and  E^/ Nq  for  the  link.  Tigure  A. 2  gives 
an  indication  of  the  effects  of  these  parameters  on  BER  for  a  particular  30.3  GHz 
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system  used  in  obtaining  the  measured  data  for  the  plot.  This  applies  only  to  the 
case  where  the  multipath  delay  exceeds  the  bit  duration.  The  maximum  and  minimum 
excursions  of  the  BER  are  shown  in  Figure  A. 3  for  the  same  30.3  GHz  systems  with 
multipath  signals  8  dB  below  the  direct  signal. 

The  use  of  narrow  beamwidth  antennas  on  a  link  will  reduce  multipath  > omponeut 
levels  if  [jointed  accurately.  However,  misalignment  of  narrow  beam  antennas  could 
greatly  aggravate  multipath  problems  or  on  the  otner  hand  a  careful  pointin';  pee 
cedure  could  be  used  to  discriminate  against  multipath.  Very  wide  beamwidth  or 
omnidirectional  antennas  for  either  or  both  terminals  obviously  increases  multi  put'' 
potential  . 

4.  Rural  Area  with  Path  Over  Asphalt  and  Graveled  Roads 

Since  an  rf  link  in  an  urban  environment  'Onsists  of  boundaries  of  asphalt 
streets  and  sidewalks  in  the  horizontal  plane  and  building  walls  primarily  in  the 
vertical  plane,  it  would  be  helpful  to  isolate  the  contribution  of  one  of  these 
surfaces  in  a  propagation  study.  This  was  accomplished  by  sotting  the  terminals 
over  flat  sections  of  roadway  with  no  appreciable  vertical  obstructions.  These 
paths  were  clear  of  vertical  obstructions  except  for  a  mesh  wire  fence  (  1  meter 

high)  with  posts  spaced  about  15  meters  apart  along  the  side  of  the  asphalt  road 
and  a  power  line  about  10  meters  high  with  75  meters  pole  spacing.  The  road  was 
9  meters  wide  with  30  meters  between  fence  and  power  lines.  The  graveled  road  was 
about  5  meters  wide  on  an  unobstructed  terrain  with  8  to  12  cm  high  dry  grass 
bordering  the  roadway. 

In  Figures  3.2b  through  3.33,  the  received  signal  amplitude  as  a  function  of 
fransmi tter-recei ver  separation  was  recorded  as  the  transmitter  is  moved  along  the 
road  toward  the  stationary  receiving  van.  The  ieLeived  signal  amplitude  '  dB 
r  efr-rpnef?  was  obtained  from  a  calibration  measurement  taken  with  the  tear  sni  t  ters 
located  on  path  100  meters  from  the  receiver.  These  measurements  were  made  in  the 
same  manner  as  the  measurements  shown  in  figures  3.9,  *.10,  and  *.11  along  17th 
'■treet  in  uenver.  The  path  length  is  longer  (1.6  km  compared  to  0.9  km)  and  the 
receiving  antennas  were  set  at  various  heights  above  ground  for  successive  runs 
(3.75,  2.5,  1.8,  and  1.0  meters)  compared  to  1.8  meters  for  the  Denver  runs.  All 
the  range  measurements  in  this  report  were  made  with  the  transmitter  antennas  cat  a 
height  of  2.15  meters . 

The  most  prominent  feature  in  all  these  data  is  the  ground  multipath  effect. 
These  very  distinctive  multipath  fades  occur  in  the  range  from  0.2  to  O.b  km. 
Occurrences  of  fade  nulls  are  in  a  1  -  3  -  6  ratio  as  a  function  of  distance  along 
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the  path,  the  same  as  the  ratios  of  the  operating  frequencies.  The  data  in  figures 
3.26  and  3.27  were  made  with  the  receiver  height  at  3.25  meters  with  antenna 
polarizations  of  vertical -vertical  and  horizontal-horizontal,  respecti vely .  Both 
sets  of  data  show  uniform  multipath  fading  in  the  0.2  to  0.6  km  range,  with  no 
significant  differences  due  to  antenna  polarization.  The  grazing  angle  of  the 
ground  reflection  with  the  roadway  is  shown  in  the  upper  right  hand  side  of 
Figure  3.26  where  the  receiver  antenna  height  is  3.25  meters.  An  angle  of  abon* 

2  degrees  is  the  maximum  for  a  path  of  100  meters  of  separation,  the  nearest  spa'  - 
ing  for  dependable  antenna  pointing  between  terminals.  At  angles  2  degrees  and 
less  the  reflection  coefficient  is  near  unity  for  both  horizontal  and  vertical 
antenna  polarization.  The  Brewster  angle,  where  the  reflection  coefficient  is 
minimum,  would  not  be  expected  to  occur  until  a  grazing  angle  of  at  least  donee' 
is  reached.  All  other  receiver  heights  produce  smaller  grazing  angles,  therefore, 
very  little  polarization  effect  would  be  expected  in  this  data.  Changes  in  the 
location  of  the  fade  nulls  between  the  two  polarization  plots  is  probably  the 
result  of  a  few  centimeters  of  difference  in  the  location  of  the  center  position 
of  the  receiving  antennas  with  a  polarization  change.  The  data  in  figures  3.28, 
3.29,  and  3.30  were  made  with  vertical -vertical  antenna  polarization  at  receiver 
antenna  heights  of  2.5,  1.8,  and  1.0  meter,  respectively.  These  data  are  very 
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similar  to  the  results  in  Figures  3.26  and  3.27.  In  Figure  3.27,  the  l/R1'  free 
space  loss  curve  (dashed  line)  is  shown  crossing  0  dB  at  the  100  meter  calibration 
point.  With  the  receiving  antennas  at  a  1  meter  height  (Figure  3.30)  the  separa¬ 
tion  between  fades  is  greater  because  the  transmitter  terminal  must  travel  further 
to  affect  a  one  wavelength  difference  between  the  direct  and  reflected  rays.  It  is 
also  apparent  that  the  fade  depths  at  the  1  meter  receiver  height  are  less  than  for 
the  greater  receiver  heights.  Normally  it  would  be  expected  that  a  lower  grazing 
angle  would  produce  deeper  fades  because  the  reflection  coefficient  tends  to  be 
higher,  surface  roughness  produces  less  distortion  to  the  reflector  wave  front 
(Rayleigh  criterion),  and  the  ground  reflection  falls  nearer  the  main  lobe  of  the 
antennas.  These  factors  add  to  make  the  reflected  signal  more  nearly  equal  to  the 
direct  signal,  a  condition  conducive  to  producing  deep  fades  via  destructive  inter¬ 
ference.  However,  it  is  speculated  in  this  mm-wave  case  that  the  reflecting  sur¬ 
face  area  illuminated  at  the  small  grazing  angle  exceeds  the  first  Fresnel  in  the 
axis  along  the  roadway.  This  possibly  coupled  with  a  slight  undulation  along  the 
length  of  the  roadway  could  result  in  phase  front  distortion  reducing  the  likeli¬ 
hood  for  phase  cancellation  across  the  receiving  aperture  with  the  direct  signal. 
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Grazing  angle  ( 


Signal  amplitude  as  a  function  of  range  measured  along  an  asphalt 
road  in  a  rural  area.  The  transmitter  is  moved  at  a  nearly  const 
velocity  toward  the  receiver.  Vertical  antenna  col ari zation . 
Transmitter  height  =  2.15  m.  Receiver  height  -  3.?5  n. 
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27  Signal  amplitude  as  a  function  of  range  measured  along  an  asphalt 
road  in  a  rural  area.  The  transmitter  is  moved  at  a  nearly  constant 
velocity  toward  the  receiver.  Horizontal  antenna  polari  -ation 
Transmitter  height  -  2.15  m.  Receiver  heigh*  <  yh  n 


-20 
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road  in  a  rural  area.  The  transmitter  is  moved  at  a  nearly  constant 
velocity  toward  the  receiver.  Vertical  antenna  polarization. 
Transmitter  height  =  2.15  m.  Receiver  height  -  2.5  m. 


a.e  ghz 


Signal  amplitude  as  a  function  of  range  measured  along  an  asphalt 
road  in  a  rural  area.  The  transmitter  is  moved  at  a  nearly  constant 
velocity  toward  the  receiver.  Vertical  antenna  polarization. 
Transmitter  height  =  2.15  m.  Receiver  height  -  1.8  m. 
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Figure  3.31  was  made  by  moving  the  transmitter  along  a  gravel  road.  Again 
the  ground  multipath  fades  are  apparent  and  quite  similar  to  the  data  over  the 
asphalt  road  at  a  1  meter  height.  Because  this  road  was  free  of  traffic  a  second 
run  was  recorded  to  observe  the  repeatabi 1 i ty  of  the  measurement.  The  second  run 
is  displaced  10  dB  to  make  the  comparison  easier  to  view.  Even  though  the  gravel 
road  had  a  very  rough  surface,  up  to  3  cm  size  aggregate,  the  ground  reflection  at. 
this  low  grazing  angle  appears  as  strong  as  from  the  asphalt  road. 

The  data  presented  in  Figure  3.32  was  taken  over  a  gravel  road  but  with  a 
special  path  profile  which  shields  most  of  the  ground  reflection  from  the  receiver. 
The  first  1650  meters,  traveling  toward  the  receiver,  rises  at  a  rate  of  3.8  meter 
for  each  100  meters  of  run.  At  about  the  1650  meter  ooint  the  road  crowned  and 
became  level  for  the  remaining  350  meters.  The  full  path  was  just  1 ine-of-sight 
but  the  effect  on  the  ground  multipath  is  noticeable  by  its  absences.  A  second 
run  was  also  performed  on  this  path  and  shown  with  a  10  dB  offset. 

Figure  3.33  shows  the  effect  on  the  multipath  when  the  receiving  antennas  are 
raised  1  degree.  This  procedure  may  not  improve  the  signal -to-noise  ratio  of  a 
channel  but  multipath  distortion  can  be  extensively  reduced. 

The  principal  value  of  this  open  field  run  is  to  provide  a  direct  comparison 
of  received  signal  characteristics  between  the  urban  and  rural  areas,  and  to  pro¬ 
vide  a  validation  of  measuring  system  performance. 

D.  Signal _ Amp! i tude  (non-1 ine-of-sight) 

In  addition  to  the  1 ine-of-sight  measurements  made  along  17th  Street  in 
Denver,  as  reported  in  the  previous  section,  some  data  were  recorded  for  non-1 ine- 
of-sight  paths  in  the  same  area.  Rigorous  control  was  not  maintained  regarding 
distance  between  terminals  and  transmitter  antenna  pointing  angles.  The  street 
maps  in  Figure  3.34  show  the  receiver  location  at  the  corner  of  17th  Street  and 
California  Street,  and  several  transmitter  locations  with  approximate  antenna 
pointings  at  each.  At  each  location,  received  signal  amplitude  levels  and  trans- 
mi  tter-poi  nti  ng  angles  were  recorded.  These  data  are  summarized  in  Table  3.3  and 
show  that  signal  levels  with  detectable  signal - to-noi se  ratios  were  observed  for 
several  non-1 i ne-of-si ght  paths.  At  the  9.6  and  28.8  GHz  frequencies,  some  of  these 
paths  would  require  multiple  reflections  to  travel  from  the  transmitter  to  receiver. 
The  57.6  GHz  paths  showed  positive  signal -to-noise  ratios  only  on  the  less  complex 
paths. 
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Fig.  3.32  Two  separate  traces  of  signal  amplitude  as  a  function  of  range 

along  a  gravel  road  in  a  rural  area.  The  transmitter  is  moved  at 
a  nearly  constant  velocity  toward  the  receiver.  Vertical  antenna 
polarization.  The  transmitter  height  =  2.15  m.  Receiver  height 
=  1  m.  The  traces  are  off-set  by  10  dB. 


MEASUREMENT  RESULTS  TOR  NON  L INE-OF-SIGHT  TESTS 
IN  DOWNTOWN  DENVER 


67  dB(S/N)  59  dB'S/N)  35  dB (S/N ) 


At  several  locations,  the  receiving  antennas  were  scanned  in  search  of  signal 
changes.  A  specific  example  is  noted  in  the  last  two  entries  of  Table  3.3  (2e  and 
3).  Comparing  the  received  signal  amplitude  levels  for  two  orientations  of  the 
receiving  antenna  shows  increases  in  amplitude  of  8  dB,  22  dB,  and  21  dB  for  9.6, 
28.8,  and  57.6  GHz,  respecti vely,  when  the  receiving  antennas  were  rotated  5"  from 
a  269°  pointing  to  a  264°  pointing  in  the  azimuthal  plane.  Other  results  not 
tabulated,  but  noted  in  Figure  3.34  as  follows. 

1. )  Location  lb.  Receiver  antenna  azimuthal  scanning  at  this  location  pro¬ 
duced  signal  reductions  of  30  dB  at  9.6  GHz  and  10  dB  at  28.8  GHz  and  an  enhance¬ 
ment  of  10  dB  at  57.6  GHz. 

2. )  Location  2b.  Receiver  antenna  azimuthal  scanning  produced  enhancements 
of  8  dB  at  28.8  GHz  and  10  dB  at  57.6  GHz.  These  peak  values  occurred  with  the 
antenna  azimuthal  angle  at  273'. 

3. )  Location  2c.  Receiver  antenna  azimuthal  scanning  produced  a  5  dB 
enhancement  at  9.6  GHz  and  a  10  dB  enhancement  at  28.8  GHz  for  an  antenna  azimuthal 
angle  of  267°  and  increased  the  57.6  GHz  amplitude  to  15  dB  above  the  noise  level 
at  an  antenna  azimuthal  angle  of  263°. 

These  tests  indicate  that  millimeter  wave  signals  can  propagate  along  complex 
non-line-of-sight  paths  using  multiple  reflections  from  building  surfaces.  Antenna 
pointing  caused  changes  in  the  peak  reflected  or  scattered  signal.  At  the  lower 
two  frequencies  a  signal  above  receiver  threshold  was  nearly  always  present  regard¬ 
less  of  antenna  pointing  for  either  terminal. 

E._  Edge  Diffraction 

A  potential  propagation  mode,  when  buildings  obscure  the  LOS  path,  is  diffrac¬ 
tion  from  edges  or  corners.  The  transmission  loss  over  a  diffraction  path  depends 
on  the  shape  and  electrical  characteristics  of  the  ( iffracting  edge.  A  vertical 
corner  of  a  building  may  approach  a  "knife  edge"  shape  which  provides  the  minimum 
transmission  loss,  if  it  is  perfectly  conducting,  compared  to  any  edge  that  is  less 
sharp. 

To  evaluate  signal  levels  resulting  from  diffraction,  a  set  of  measurements 
was  made  for  comparison  with  theoretical  values  taken  from  developed  models.  These 
measurements  compliment  the  work  done  by  N.  Rokkos  and  R.  Johnson  to  determine 
system  parameters  required  to  maintain  a  communications  link  using  edge  diffraction 

r  ri 

or  to  determine  the  interference  level  which  may  be  generated  by  edge  diffraction1  . 
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A  corner  of  a  building  formed  from  poured  and  finished  concrete  was  used  to 
make  "knife-edge"  diffraction  loss  measurements  at  the  three  operating  frequencies. 
The  path  lengths  and  geometries  are  shown  in  Figure  3.35.  Three  sets  of  data  are 
presented  in  Figures  3.36,  3.37,  and  3.38.  These  data  were  measured  using,  respec¬ 
tively,  locations  T-j  and  R.| ,  a  62  meter  path;  T.|  and  R^,  a  106  meter  path;  and  I., 
and  R^,  a  146.5  meter  path.  The  solid  line  traces  in  these  figures  show  the 
measured  signal  amplitudes  for  each  frequency  as  indicated  for  horizontal-horizontal 
and  vertical-vertical  polarizations  and  the  broken  line  traces  show  predicted  dif¬ 
fraction  losses  due  to  a  "knife-edge." 

The  predicted  values  shown  in  the  figures  were  generated  from  equations  based 
on  the  Geometrical  Theory  of  Diffraction^  which  assumes  the  incident  field  at 
the  edge  to  be  a  plane  wave.  The  gain  of  the  diffracted  ray  is  assumed  to  fall  oft 
as  1/Zr^,  i.e.  a  cylindrical  wave,  where  r^  is  the  distance  from  the  edge.  When 
the  electric  field  vector  is  polarized  parallel  to  the  edge  (VV  polarization  for 
vertical  edge)  the  field  intensity  is  expected  to  be  less  in  the  shadow  region  than 
when  the  electric  field  vector  if  polarized  perpendicular  to  the  edge.  Measured 
data  of  Figures  3.36  through  3.38  show  this  dependence.  However,  the  measured 
values  gave  a  diffraction  loss  greater  than  the  predicted  values,  particularly ,  as 
the  terminal  moves  further  into  the  shadow  region.  This  increase  in  loss  compared 
to  predicted  values  may  occur  because  the  corner  is  not  a  "knife-edge"  as  assumed 
in  calculating  the  predicted  values.  In  fact,  the  concrete  corners  are  formed  such 
that  the  last  1-1/2  centimeter  has  a  flat  level  at  45'  to  each  side.  This  double 
edge  can  be  described  as  very  straight  and  sharp  relative  to  wavelength  for  the 
highest  frequency.  The  predicted  values  assume  the  edge  to  be  a  perfect  conductor, 
which  concrete  is  not,  and  there  is  some  penetration  into  the  material,  as  well, 
at  the  measurement  frequencies. 

A  different  path  length  was  used  for  Figure  3.36  compared  to  Figure  3.37  by 
positioning  the  receiver  terminal  35.5  meters  from  the  edge  in  the  first  case,  and 

79.5  meters  from  the  edge  in  the  second  case,  keeping  the  transmitter  terminal 

26.5  meter  from  the  edge  for  both  cases.  As  seen  by  comparing  these  figures,  there 
is  little  difference  in  diffraction  loss  as  expected.  The  data  in  Figure  3.38 

was  taken  with  r.he  transmitter  distance  from  the  edge  increased  to  67  meters  and 
shows  no  appreciable  difference  in  diffraction  loss  for  equal  angles  from  the 
grazing  line.  Note  that  when  the  terminal  was  in  the  clear,  beyond  grazing,  each 
terminal's  antenna  continued  to  point  at  the  edge  thus  showing  the  diffraction 
loss  in  this  direction  as  well.  However,  in  the  case  of  the  wider  beam  antenna 
at  9.6  GHz  the  antennas  remained  coupled  for  this  portion  of  the  scan  but  the 
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Fig.  3.37  Signal  amplitude  measurements  from  an  edge  diffraction  for  9.6, 
28.8,  and  57.6  GHz.  Edge  to  receiver  =  79.5  m  and  the  edge  to 
transmitter  =  25.5  m. 


phase  interference  pattern  between  the  direct  ray  and  the  diffracted  ray  is 
apparent  by  the  wave-like  trace  in  signal  amplitude. 

Measurements  (electric  vector  parallel  to  edge)  were  made  on  a  building  with 
a  double  corner  as  illustrated  in  Figure  3.39.  Figure  3.40  shows  the  recorded 
results  where  an  enhancement  caused  by  the  second  edge  appears  in  the  data  between 
2  and  3  meters  into  the  shadow  region  of  the  first  edge.  Diffraction  loss  as  a 
function  of  angle  was  very  similar  to  the  results  of  Figures  3.36,  3.37,  and  3.38. 
This  data  suggests  that  the  shape  of  the  edge  does  not  appreciably  alter  the  dif¬ 
fraction  loss  for  the  range  of  edge  shapes  and  frequencies  used  in  the  measurements 
made  in  this  section. 

A  study  of  edge  diffractions  based  on  the  theories  of  Fresnel,  Sommerfeld, 
and  Keller  is  presented  in  Appendix  B. 
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IV.  FIELD  MEASUREMENTS  USING  THE  60  GHz  HAND-HELD  COMMUNICATORS 

A  pair  of  60  GHz  hand-held  communicators  received  a  brief  operational  check¬ 
out  during  the  same  tests  conducted  to  evaluate  the  LOS  and  non-LOS  performance  of 
the  9.6,  28.8,  and  57.6  GHz  transmi tter-recei ver  links. 


These  transceiver  units  are  intended  for  1 ine-of-sight  operation  over  a 


range  of  1-2  km  in  clear  air  conditions. 

Transmitted  Power 
Antenna  Size 

"  Beamwidth 

"  Ga  i  n 

Channel  Bandwidth 
Receiver  Noise  Figure 


General  system  specifications  include: 
25  mw 

10  cm  (lens) 

3° 

34  dB 
5  MHz 
14  dB 


Maps  of  the  test  area  along  17th  Street  in  Denver  are  shown  in  Figure  4.1. 

The  receiver  location  for  all  tests  was  at  the  intersection  of  California  Street 
and  17th  Street.  The  first  map  in  Figure  4.1  shows  the  receiver  and  transmitter 
locations  for  path  lengths  of  170  meters,  400  meters,  and  600  meters.  For  each 
path  careful  pointing  was  required  to  establish  lock  and  the  once-established  link 
was  often  prone  to  drop-out,  due  to  vehicles  in  the  path.  The  table  below  shows 
the  results  of  these  tests  indicating  transmitter  location,  path  length,  signal 


level,  and  voice  quality. 

Transmitter  Location  Path  Length  S ij nal  Level  Vo i c e_ Qu a 1 i ty 

la)  1 70  m  -35  dBm  Very  good 

lb)  400  m  -55  dBm 

lc)  600  m  -65  dBm 


An  evaluation  of  the  effects  of  transmitter  pointing  was  made  at  the  400  meter 
location.  With  the  transmitter  stationed  at  location  (2a),  which  was  LOS,  azimuthal 
pointing  changes  of  +  5°  and  elevation  pointing  change  of  +  20n  did  not  cause  a 
loss  of  communications.  Similar  results  were  obtained  for  the  link  with  the  trans¬ 
mitter  station  10  feet  in  from  the  curb  at  location  (2b),  Map  2  in  Figure  4.1. 

This  was  a  non-LOS  path  with  a  measured  signal  level  of  -64  dBm.  Voice  quality 
was  good  at  both  of  these  locations. 

The  scenario  in  Map  3  of  Figure  4.1  shows  the  transmitter  located  25  feet  from 
the  curb,  which  is  a  non-LOS  path.  In  this  case,  an  optimum  signal  level  of  -58 
dBm  was  obtained  when  both  the  transmitter  and  receiver  we  pointed  in  the  general 
area  labeled  (3a).  This  observed  non-LOS  signal  level  was  only  3  dB  below  the 
direct  LOS  signal  for  the  same  path.  Very  good  voice  quality  was  observed  on  this 
link. 
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An  observation  of  link  reliability  was  performed  while  one  communicator  was 
operated  from  the  back  of  a  truck  traveling  down  17th  Street  at  about  5  MPH  from 
Curtis  to  Tremont,  about  600  meters.  Both  terminals  were  in  clear  view  but  it 
was  nearly  impossible  to  establish  voice  contact  because  of  frequent  automatic 
frequency  controller  drop-out  and  the  lengthy  time  required  to  relock.  Three 
attempts  were  made  all  without  a  successful  voice  contact.  The  drop-outs  were 
probably  a  combination  of  signal  fades  and  antenna  pointing  error  at  the  moving 
terminal . 
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V.  CONCLUSIONS 

An  urban  environment  presents  a  wide  variety  of  situations  for  communication 
links  in  the  mm  wave  spectrum.  The  ideal  link  for  the  compact  size  of  the  mm  wave 
equipment  with  small,  yet  narrow  beamwidth  antennas  is  from  rooftop  to  rooftop  of 
the  tallest  buildings.  The  only  conceivable  problem  with  a  1 i ne-of-sight  (LOS) 
link  of  this  type  would  be  excessive  attenuation  from  rain  in  the  path  or  gaseous 
absorption  (in  a  molecular  resonance  band)  if  the  path  is  long.  If,  however,  a 
link  is  required  at  street  level,  many  additional  problems  can  face  the  user.  One 
of  the  major  concerns  is  interference  paths  created  by  reflected  signals  in  addi¬ 
tion  to  the  direct  LOS  signal.  Reflected  signals  can  cause  deep  fades  to  occur, 
especially  from  street  surfaces  and  even  from  building  walls,  vehicles,  road  signs, 
etc.  For  wide  bandwidth  links  (high-rate  digital  for  example),  distortion  may 
result  from  reflected  multipath  signals  that  affect  the  efficient  transmission  of 
information.  The  severity  of  these  problems  depends  upon  such  link  parameters  as 
the  length  of  the  paths,  antenna  beamwidths,  frequency,  and  path  clearance. 

The  data  contained  in  this  report  provide  information  on  reflection  properties 
from  streets  and  several  of  the  more  common  building  surface  types.  A  series  of 
measurements  made  withir,  a  10-block  area  in  downtown  Denver,  CO,  and  the  analysis 
of  the  resulting  data  provides  some  insight  on  propagation  character! sties  at 
millimeter  wavelengths. 

The  recent  development  of  a  very  wide  bandwidth  impulse  probe  (500  Mb/s), 
used  in  acquiring  the  data  for  Appendix  A  of  this  report,  provides  a  means  to 
measure  time  delay  spread  resulting  from  multipath  or  scattered  signals  with  a 
resolution  of  less  than  one  nanosecond^ .  Signal  distortion  associated  with 
multipath  or  scattering  and  corresponding  bit  erroi  nates  can  also  be  measured 
with  the  wideband  probe.  It  is  planned  that  follow-on  work  of  millimeter  wave 
propagation  studies  in  an  urban  environment  will  include  the  wideband  probe  at 
30  GHz. 
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APPENDIX  A 


Effects  of  Multipath  on  Digital  Link 
Performance 

An  experiment  was  conducted  by  the  Institute  for  Telecommunication  Sciences 
using  a  millimeter  wave  "diagnostic  probe"  to  determine  effects  of  multipath 
signals  on  an  atmospheric  link.  Data  taken  on  a  250  meter  folded  path  with  dual 
reflectors  (one  fixed  and  one  movable)  using  the  30.3  GHz,  500  Mb/s  coherent  BPSK 
probe  is  compiled  to  give  a  view  of  multipath  effects^.  Figure  1A  contains  a 
plot  of  contributions  to  BER  by  S/N  variations  and  intersymbol  interference  as  a 
function  of  the  time  delay  of  a  multipath  signal  relative  to  the  direct  signal 
normalized  to  bit  duration.  For  this  plot,  the  di rect-to-mul ti path  signal  ratio 
(R-]/R?)  is  7  dB  taken  for  an  E^/ Nq  of  14  dB.  With  no  multipath  present  and  a 
14  dB  signal-to-noise  ratio,  the  BER  is  5  x  10’7.  At  zero  multipath  delay  the 
change  in  BER  is  due  only  to  S/N  changes  with  an  average  BER  of  about  1.5  x  10~^. 
This  average  BER  is  greater  than  the  no  multipath  case  because  fades  of  5.1  dB  and 
enhancements  of  only  3.2  dB  occur  for  a  R^/R^  of  7  dB.  Since  a  psuedo-random 
sequence  bit  generator  is  used  to  produce  the  data  stream,  the  amplitude  variations 
diminish  as  the  multipath  delay  extends  to  1  bit  duration.  Hence,  the  error  changes 
due  to  S/N  diminishes  as  shown  by  the  narrow  hatched  marked,  "BER  due  to  S/N  only." 
Delay  times  greater  than  1  bit  duration  theoretically  produce  no  changes  in  BER 
due  to  S/N  because  no  amplitude  variations  occur  as  a  result  of  the  multipath 
signal.  Actually  there  is  an  amplitude  variation  in  the  system  due  to  cw  components 
in  the  signal  used  for  reconstructing  the  carrier,  but  this  variation  is  very  small. 

Errors  due  to  intersymbol  interference  for  this  controlled  multipath  case 
(Figure  A.l)  are  shown  to  diverge  from  zero  delay,  where  a  BER  of  5  x  10"  is  that 
for  a  no  multipath  state.  This  indicates  that  there  is  no  intersymbol  interference 
contribution  at  zero  multipath  delay  relative  to  the  direct  signal.  As  the  multi- 
path  delay  increases,  the  maximum  and  minimum  contributions  from  intersymbol  inter¬ 
ference  are  shown  by  the  broad  spaced  hatch-lines  extending  to  coincide  with  the 
total  contribution  of  errors  at  a  delay  time  equal  to  1  bit  duration.  Part  of  the 
errors  attributed  to  intersymbol  interference  are  the  result  of  the  composite  of  the 
direct  signal  and  multipath  signal  producing  a  phase  shift  in  the  reconstructed 
carrier.  The  reconstructed  carrier  is  manually  phase  adjusted  to  provide  a  zero 
reference  to  the  phase  detector  in  the  demodulator  for  recovery  of  the  buseband 
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process  occurs  with  the  reconstruction  of  the  bit  rate  clock  and  is  also  modulated 
at  the  rf  rate  by  multipath  signals,  but  it  is  a  result  of  intersymbol  interference. 

A  second  technique  to  reconstruct  the  carrier  by  multiplying  the  P3K  or  QPSK 
modulated  carrier  by  four  to  produce  an  unmodulated  reference  was  tested.  A  volt¬ 
age  controlled  oscillator  at  the  carrier  frequency  was  phase-locked  to  the  times 
4  output  to  provide  the  reference  carrier.  This  means  of  generating  the  reference 
carrier  produced  the  same  maximum  and  minimum  BER  excursions  as  the  injected  car¬ 
rier  technique.  However,  for  QPSK  modulation  four  possible  phase-lock  states 
exist,  but  only  one  is  correct.  Excessive  time  was  required  to  obtain  carrier 
lock-up  and  data  word  synchronization,  which  proved  not  suitable  for  flexible  link 
operation. 

The  BER  due  to  a  multipath  signal  is  dependent  on  the  channel  S/N  and  the 
strength  of  the  multipath  signal.  For  a  direct-to-mul ti path  signal  ratio  of  8  dB, 
Figure  A. 2  shows  measured  and  extrapolated  values  of  BER  as  a  function  of  S/N 
compared  to  a  curve  showing  system  performance  without  a  multipath  signal.  All 
values  plotted  are  for  a  case  where  the  multipath  signal  delay  is  one  bit  duration 
or  greater.  The  measured  points  using  the  passive  reflectors  to  simulate  multipath 
are  indicated  by  the  small  circles  on  the  figure.  These  points  include  minimum, 
average,  and  maximum  BER  as  a  result  of  the  multipath  signal  being  continuously 
varied  in  delay  time  over  several  rf  cycles. 

Bit  error  rate  versus  S/N  curves  are  extrapolated  from  measured  data  for  three 
different  ratios  of  direct  to  multipath  signal  level  in  Figure  A. 3.  An  estimated 
scale  of  R^/R^  starting  at  7  dB  and  extending  to  «>,  which  is  the  no  multipath  state, 
is  included  for  the  case  where  the  multipath  delay  time  is  1  bit  duration  or  greater. 

Multipath  signals  in  a  high  data  rate  channel  have  a  serious  effect  on  data 
transfer  rates  due  to  increased  errors.  This  treatment  of  multipath  involving  a 
single  discrete  signal  may  not  always  be  representative  of  an  actual  path.  Several 
components  of  multipath  may  occur  or  numerous  scatters  may  exist  such  as  reflections 
from  irregular  terrain.  However,  the  measurements  made  for  this  analysis  will 
provide  an  order  of  magnitude  of  channel  degradation  for  the  conditions  that  may 
be  encountered  on  atmospheric  paths. 
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APPENDIX  B 


Report  on  Edge  Diffraction  Effects  for 
Urban  Propagation  Studies 


When  studying  the  propagation  of  microwaves  and  millimeter  waves  in  an  urban 
environment,  the  diffraction  effects  of  the  corners  of  buildings  are  naturally  of 
interest.  This  type  of  diffraction  is  called  edge  diffraction  and  several  scien¬ 
tific  models  have  been  developed  for  it.  The  theories  of  Fresnel,  Sommerfeld,  and 
Keller  will  be  discussed. 

Fresnel's  theory  of  diffraction  [1],  [2]  is  a  scalar  model  that  assumes  a 
continuous  train  of  waves  from  a  source  at  a  finite  distance  away  impinges  on  an 
infinitely  thin  half  plane  screen  that  stops  and  absorbs  the  waves.  The  waves 
that  do  not  intersect  the  screen  are  assumed  to  travel  on  unaffected.  Here  Huygen's 
principle  and  the  principle  of  interference  are  applied  to  produce  the  Fresnel 
diffraction  pattern  at  a  finite  distance  on  the  other  side  of  the  screen  from  the 
source.  The  drawing  in  Figure  B.l  shows  the  source,  screen,  and  observation  plane 
for  this  model.  In  Figure  B.2  the  normalized  received  amplitude  is  shown  relative 
to  position  on  the  observation  plane. 

The  distance  from  the  source  to  the  screen  is  a  and  the  distance  from  the  screen 
to  the  observation  plane  is  b.  The  distance  in  the  observation  plane  from  the  geo¬ 
metrical  shadow  boundary  to  the  observation  point  is  d.  If  d  is  normalized  for  the 
wavelength  and  the  distances  a  and  b  by 


v  ■  m  ^v/2 


in 


then  the  ratio  of  the  magnitude  of  the  field  u  at  the  observation  point  to  the 
magnitude  of  the  field  uQ  which  would  have  occurred  without  the  diffracting  screen 
is  given  by 


uo 


1  1  F  (v)  +  ^±-1 
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Fresnel's  theory  has  the  limitation  that  it  does  not  apply  at  large  angles  of 
diffraction  and  at  observed  points  close  to  the  diffracting  edge.  However,  experi¬ 
mental  observation  has  proven  its  usefulness  for  a  variety  of  diffraction  problems. 
In  particular,  observation  of  diffraction  from  many  types  of  materials  s:,ow  close 
agreement  with  Fresnel's  theory  so  that  the  idealized  use  of  a  perfectly  absorbing 
screen  does  not  limit  the  theory.  Observations  have  shown  that  the  sharpness  of 
the  edge  is  not  important  at  wavelengths  of  10  cm  and  less  [3], [4].  Edges  with 
radius  of  curvature  which  are  very  large  relative  to  the  rf  wavelength,  have 
essentially  the  same  diffraction  pattern  as  a  kniie  edge.  However,  blunter  edges 
tend  to  reflect  some  energy  that  effects  the  field  in  the  non-shadow  region  near 
the  edge.  Polarization  effects  not  considered  by  the  theory  are  small  for  small 
angles  of  diffraction.  In  general,  at  large  angles  of  diffraction,  the  material, 
form  of  the  edge,  and  polarization  become  more  important. 

Sonmerfeld  [5]  gave  a  more  complete  treatment  of  diffraction  from  an  edge  based 
on  electromagnetic  theory.  He  assumed  that  the  material  was  perfectly  reflective 
but  generalized  from  an  infinitely  thin  screen  to  a  wedge  coming  to  a  perfect  edge. 
He  also  considered  the  cases  where  the  electric  field  vector  is  parallel  and 
perpendicular  to  the  diffracting  edge.  For  small  angles  of  diffraction  his  results 
agree  with  the  less  rigorous  treatment  of  Fresnel.  For  larger  angles  the  effects  of 
polarization  become  evident.  When  the  electric  vector  is  perpendicular  to  the 
diffracting  edge,  the  theory  predicts  that  the  amount  of  electromagnetic  energy 
diffracted  into  the  shadow  region  should  be  several  times  greater  than  the  amount 
for  the  electric  vector  parallel  to  the  edge.  Experiment  has  confirmed  that  more 
electromagnetic  energy  is  diffracted  into  the  shadow  when  the  electric  vector  is 
perpendicular,  but  the  factor  of  increase  is  much  smaller  than  indicated  by  the 
theory  In  general,  the  amount  of  electromagnetic  energy  diffracted  into  the  shadow 
falls  off  more  rapidly  with  increasing  angle  than  the  theory  predicts. 

Sommerfeld' s  results  also  confirm  that  the  field  diffracted  into  the  shadow  has 
the  form  of  a  cylindrical  wave  eminating  from  the  diffracting  edge.  To  an  observer 
in  the  shadow  the  edge  appears  illuminated,  i.e.,  the  source  of  electromagnetic 
energy.  Kalaschnikow  [6]  described  experiments  that  demonstrated  this  effect.  A 
photographic  plate  (with  sewing  needles  extending  from  it)  was  mounted  perpendicular 
to  the  diffracting  edge.  When  developed,  the  plate  showed  that  each  needle  had  cast 
a  shadow  so  as  to  indicate  that  the  light  had  come  from  the  diffracting  edge,  i.e., 
radiating  outward  from  the  edge. 
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The  appearance  of  the  edge  as  the  source  in  the  shadow  region  was  used  by 
Keller  [7]  in  his  development  of  the  geometrical  theory  of  diffraction  (an  extension 
of  geometrical  optics  to  account  for  diffraction).  In  Keller's  theory  the  field  is 
described  in  terms  of  rays.  As  an  example,  for  an  edge  diffraction  field,  a  ray 
from  the  source  combines  with  a  ray  from  the  edge,  as  shown  in  Figure  B.3.  The 
field  diffracted  from  the  edge  is  given  as 
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where  u^  is  the  field  incident  on  the  edge  and  r  is  the  distance  from  the  edge, 
k  =  2tt/\.  The  diffraction  coefficient  is  found  by  comparison  with  Sommerfel d 1  s 
result  for  large  kr.  For  the  diffracting  screen 
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D  =  -  - . —  -v . .  [sec  l  (0-ct)  +  esc  i-  (0+a)]  (5) 
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where  (5  is  the  angle  between  the  incident  ray  and  the  edge  (normally  tt/2).  The 
angles  between  the  incident  and  diffracted  rays  from  the  normal  to  the  screen  are 
a  and  0,  respectively,  as  shown  in  Figure  B.4. 

If  the  screen  is  replaced  by  a  wedge  of  angle  (2-n)n.  the  comparison  of  (4) 
with  Sommerfeld's  exact  solution  for  6  t  ir/ 2  gives 
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Figure  B.5  shows  how  0  arid  a  are  measured.  Even  though  equation  (6)  was  derived 
for  tt/2  it  can  be  used  for  computing  the  diffracted  field  when  B  =  tt/2. 

The  formulas  in  (5)  and  (6)  are  not  good  near  the  shadow  boundary  but  they  do 
retain  the  valuable  attribute  of  Sommerfeld's  results  of  predicting  the  field  for 
large  diffraction  angles.  The  upper  and  lower  signs  in  (5)  and  (6)  correspond  to 
the  electric  vector  polarized  perpendicularly  and  parallel  to  the  edge,  respec¬ 
tively.  Pauli  [8]  developed  an  asymptotic  series  which  can  be  used  to  determine 
the  diffraction  coefficient  and  which  is  good  even  near  the  shadow  boundary  but 
his  results  were  not  used  for  the  fields  computed  here. 
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In  general ,  Keller's  formulas  for  the  diffracted  field  show  that  the  field 
intensity  for  a  fixed  angle  into  the  shadow  is  proportional  to  the  wavelength  and 
fairly  independent  of  the  orientation  of  the  screen  or  wedge.  It  is  only  when  the 
incident  or  diffracted  ray  nears  a  side  of  the  wedge  or  screen  that  the  field 
intensity  is  affected.  This  effect  is  greatest  when  the  electric  vector  is  parallel 
to  the  edge  and  results  in  the  field  intensity  decreasing  rapidly  as  the  incident 
or  diffracted  ray  nears  the  side  of  the  screen  or  wedge  (i.e.  when  the  transmitter 
or  receiver  are  very  close  to  the  side  of  the  building).  For  the  electric  vector 
perpendicular  to  the  edge,  there  is  a  small  increase  in  the  field  intensity  when 
the  incident  ray  or  diffracted  ray  are  near  a  side  of  the  screen  or  wedge. 

When  the  electric  vector  is  perpendicular  to  the  edge,  a  screen  and  a  90  degree 
wedge  give  nearly  the  same  field  intensity  in  the  shadow  region  (slightly  higher 
than  that  predicted  by  the  Fresnel  theory).  When  the  electric  vector  is  parallel  to 
the  edge  the  field  intensity  is  lower  in  the  shadow  of  the  wedge  than  the  screen 
and  the  factor  increases  with  angle. 

In  summary,  the  following  should  be  noted.  The  type  of  material  does  not 
affect  the  diffracted  field  significantly  except  within  a  few  wavelengths  of  the 
edge.  The  roundness  of  the  edge  is  not  important  except  that  some  reflected  energy 
may  affect  the  field  near  the  edge.  The  effects  of  polarization  become  more 
important  at  greater  angles  into  the  shadow  region,  but  even  there  the  intensity 
would  be  expected  to  be  only  a  few  dB  higher  for  an  electric  vector  perpendicular 
as  opposed  to  parallel  to  the  edge.  For  a  normal  urban  environment,  the  Fresnel 
theory  of  diffraction  should  be  adequate  since  finer  diffraction  effects  are  likely 
to  be  masked  by  other  effects  in  the  measurement  environment  such  as  reflected 
waves.  And  finally,  some  caution  should  be  exercised  in  considering  the  effects 
of  the  antenna  apertures  upon  the  observations. 
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Figure  B.3  The  ray  geometry  for  Keller's  geometrical  theory 
of  diffraction. 


Figure  B.4  A  drawing  showing  the  angular  relationship  of  the 
incident  and  diffracted  rays  with  a  screen  at  the 
point  of  diffraction. 
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